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SI Extended methods
Detailed chemical and analytical methods
Paleosol sediments were gently washed with methanol to remove storage and handling contamination, freeze-dried (LABCONCO 4.5), and powdered using a ball mill (Spex 8000). Lipids were extracted from sediments using Soxhlet extraction (9:1 dichloromethane to methanol, 24 hrs) and separated via Accelerated Solvent Extraction (Dionox ASE 200) as per Magill et al., 2015 . Urea adduction was used on the saturated fraction to remove branched molecules from straight chains (2) . To evaluate potential laboratory contamination blanks were ran for each processing step, molecules of interest in this study were below detection limits.
n-Alkanes were quantified via GC-FID-MS with Thermo Trace 1310 GC coupled to a split flame ionization detector and a Thermo ISQ LT Single Quadrapole mass selection detector. The MS had a scanning mass range of m/z 43-500 in Full Scan mode. Samples were injected in splitless mode onto a 30m Rxi-5HT fused-silica column (250 µm × 0.25 µm) via a TriPlus RSH autosampler. GC temperature was programmed to 60°C for 1.5 min then ramped to 140°C at 15 °C·min −1 for 5 min, then ramped to 320°C 6°C·min −1 and held for 10 minutes. Injector temperature was held at 320 °C and detector temperature was held at 300 °C for the MS and 330°C for the FID. Compounds were identified using fragmentation patterns and retention times matched to a C 7 -C 40 n-alkane standard suite (Supelco). Samples were quantified from FID using a 5-point calibration curve for the C 7 -C 40 n-alkane standard suite (Supelco).
PAHs were characterized by GC-MS with a Hewlett-Packard 6890 series GC and HewlettPackard 5973 mass selective detector. The MS had an ionization energy of 70 eV with a scanning mass range of m/z 40-700 in Full Scan mode. Samples were injected in splitless mode onto a 30m HP-5 fused-silica column (250 µm × 0.25 µm) via a Hewlett-Packard 7683 series autosampler. GC temperature was programmed to 40°C for 1 min, then ramped to 320°C at 6.5°C·min −1 (3). Injector and detector temperatures were held at 320 °C. Then PAHs were quantified in selective ion monitoring mode (SIM) (Table S1) (3) using a 5 point calibration curve for a 17 PAH authentic standard suite (Sigma Aldrich & Certiprep).
Carbon isotopes of n-alkanes were measured using isotope-ratio-monitoring gas chromatographymass spectrometry (irmGCMS) (Varian 3400 GC connected to Thermo MAT 252) and standard mean error for each measurement was ±0.3‰ or less (1σ). Samples were run in duplicate. Error was propagated using the methods described by Polissar and D'Andrea (2014) applied for carbon isotopes. Reference standards were used for quality assurance every three samples (Schimmelman A6). Carbon isotope values are reported in per mil (‰) delta notation normalized to the international standard VPDB using standard reference materials of known δ 13 C values (Schimmelman A6). Delta notation is defined as, δ 13 Bulk total organic carbon δ 13 C were measured after decarbonation of ground paleosols with excess 1 N hydrochloric acid. Residual materials were combusted in an elemental analyzer, and δ 13 C values were measured in a ThermoFinnigan Delta+ XP. Carbon isotope values are reported in delta notation normalized to the international standard VPDB using Standard reference materials of known δ 13 C values (L-Glutamic acid (NIST 8573), Urea (Schimmelman Urea #1), and Glycine (FischerBiotech)). Replicate measurements of these standards were used throughout sample runs to ensure accuracy (±0.2‰, n=24; 1σ ) and precision (±0.2‰, n=24; 1σ).
Age recalibration
The geological ages for paleosols that provided the molecular samples were re-calibrated to the standards provided by the Gradstein et al. 2012 magnetostratigraphic time scale (5) . This required locating the position of each paleosol relative to magnetostratigraphic chron boundaries in the Siwalik team's reference sections and then interpolating the age based on stratigraphic distances from these chrons (6) . This increased some age estimates by several 10 5 years over estimates based on older magnetostratigraphic reference standards.
Statistical Analyses
Several statistical methods were used to analyze the relationship between C 4 plant communities and fire occurrence in the dataset. Due to values in younger samples being an order of magnitude higher than the median, we suspected the total parent PAH concentrations normalized to plant inputs (PAH/C 31 ) would need to be transformed for comparison to carbon isotope values. The distribution of PAH/C 31 was assessed by plotting the quantiles of the PAH/C 31 against quantiles of a theoretical normal distribution (normal q-q plot) (7). This normal Q-Q plots showed an exponential distribution. Therefore, a log transformation was applied to total parent PAH concentrations normalized to plant inputs (PAH/C 31 ). This resulted in a more normalized distribution. For the rest of our analyses log(PAH/C 31 ) was used.
High variability is observed in both the PAH dataset and the δ 13 C values of n-alkanes. The coefficient of variation (standard deviation/|mean|) for log(PAH/C 31 ) was 0.76, reflecting the high scatter in the PAH dataset. The coefficients of variation for δ 13 C 29 , δ 13 C 31 and δ 13 C 33 were 0.11, 0.13, and 0.14. Paleosols are a local record, with the majority of the signal coming from processes happening directly on or near the surface of the soil over time. Thus, source and process variability across the landscape will be reflected in variability of proxies in the paleosol record. Variability in the carbon isotope measurements likely reflects patchiness of vegetation across the landscape in time (8) . There is considerably more variation in the PAH dataset, which makes logical sense as fire itself is an inherently heterogeneous process. We interpret the large variability in fire compounds to be due to both to the combined heterogeneity of burning, compounded upon a non-uniform vegetation landscape.
To access if there was a statistical relationship between n-alkane carbon isotopes and PAH concentrations we evaluated correlation using the Pearson Coefficient (Fig. S2) (9) . This was calculated using the surrogateCor function from the 'Astrocrhon' package in R (10) . This function also uses the Ebisuzaki method for serially correlated data and his Baysian Monte Carlo approach to calculate a significance level (11) . Correlations of log-transformed PAH data to δ 13 C 29 , δ 13 C 31 and δ 13 C 33 had r values were 0.70, 0.61 and 0.79, respectively (p<0.01). Only four samples had δ 13 C 35 values, so the correlation between the n-C 35 carbon isotope values and PAHs was insignificant. These results indicate that a correlation between fire occurrence in the record and C 4 grassland states is robust and significant, despite high variability.
SI Extended supplementary data discussion
Organic Matter and n-alkanes reflect terrestrial plant inputs High molecular weight (HMW) n-alkanes distributions indicate primary contributions of terrestrial plants to this record. All samples have abundant HMW long chain n-alkanes in concentrations ranging from 1 to 273 ng/g of sediment. The carbon preference index (CPI) values for samples range between 1.1 and 5, with an average of 2.8 (n=25) (S3A). CPIs above one indicate an odd over even preference of n-alkanes, and have been interpreted as mainly derived from higher plant inputs in sediments and soils (12) . These values are comparable to CPIs from other studies of n-alkanes in the Siwaliks (13, 14) . These low soil CPIs (1-6) relative to modern plant samples and marine sediments (8-10) potentially result of integration of the surface plant community over space and time combined with pedogenic processes, and does not necessarily indicate an alternative source to terrestrial plants (15, 16) .
Bulk carbon largely reflects terrestrial plant inputs, which suggests that there are not confounding organic inputs in these paleosol samples. δ 13 C values are correlated to odd HMW n-alkanes δ 13 C values (Fig. S4) , with R 2 values of 0.8 for nC 29 and nC 31 alkanes, the most prevalent chain lengths in the majority of terrestrial plants (17) . We propose that any unexplained scatter in the data is likely caused by microbial activity and/or inputs to the soils during formation (13) .
Enrichment in organic (bulk and n-alkanes) and inorganic δ 13 C agrees in timing in the Pakistan Siwaliks (Fig. S5) . All three records agree that C 4 like enrichment in carbon isotopes takes place (within resolution) between 8 and 6.5 Ma in the Pakistan Siwaliks. Here we provide an 2018 updated estimate of the age of C 4 expansion in the Pakistan Siwaliks, as all of these records have been recalibrated to the most current timescale (5). There is considerably more scatter in the bulk organic values, which is consistent with our interpretation that this pool has some contributions other than just higher plants (13) . The n-alkane and inorganic δ 13 C show remarkable agreement in both the timing and magnitude of 13 C enrichment (~10‰), which has been previously observed (13, 18) .
The potential for a more regionally derived record of Retene, PAHs, and n-alkanes
PAHs and leaf waxes are small molecules have the potential to be transported by fluvial and aeolian processes (19, 20) . It is not uncommon for molecules to be aerially transported for hundreds of kilometers before deposition into soils and sediments (19, 21) . However, studies correlating PAHs in young sedimentary records to historically recorded fires find that PAH concentrations are most highly correlated to local fires within 0.5 km 2 (22) . It is therefore possible that the signal recorded in these samples represents an integrated record not only of the local processes happening directly on top of the soil, but also those happening in a larger area of the floodplain. Here, we address how a larger spatially integrated signal of PAHs does not invalidate our conclusions about the relationship between fire and vegetation processes on local and regional scales.
An alternative interpretation of the retene contribution to this record is that it was derived from conifer communities in the Himalyan foothills and not directly on the floodplain. This is certainly a possibility; regardless, the decline in retene over the course the Late Miocene implies that contributions from retene-producing conifers in the basin declined, irrespective of their location within it. Molecular evidence indicates the decline is not likely due to a change in transport processes. Specifically, the ratio of 3-ring PAHs to total PAHs in these samples stays constant (>0.5) for the entirety of the record (Fig. S3B ). This ratio is sensitive to changes in fluvial versus aeolian transport because these molecules differ widely in solubility and volatility, which controls how they partition out into water or air (19) . The decline in retene and the consistency of the 3-ring PAH distributions indicate the range of conifer communities became restricted on a regional scale before widespread C 4 expansion on the floodplain.
In addition, pyrogenic PAH molecules are extremely well correlated with C 4 -like enrichment in the local isotopic record. This strong statistical relationship implies that the PAH proxy record captures a link between local grasslands and regional fire. Despite patchiness in vegetation types across the Siwalik floodplain observed in this study and others, C 4 grasslands were the dominate vegetation type on the landscape after 6 Ma (6, 8, 23) , and the greatest concentrations of fire markers also occur after 6 Ma. PAH concentrations are well correlated not only with the sites with the greatest carbon isotopic enrichment in their leaf waxes, but also in time with the greatest extent of C 4 grasses across the landscape. This supports the interpretation that fire increased during C 4 grassland expansion, regardless the spatial scales of PAHs sources.
Like PAHs, n-alkanes are also subject to aerial transport and are a constituent of smoke particulates derived from vegetation burning in the modern experiments (24) . If PAHs and nalkanes exclusively derived from C 3 vegetation in the highlands, n-alkanes from these burns would have been integrated into the n-alkane isotopic record. However, the isotopic enrichment of the n-alkanes in these samples exactly matched the isotopic enrichment in the paleosol carbonates in both timing and magnitude. Paleosol carbonates' carbon isotopes are derived from the pCO 2 in the soil, which directly reflects the isotopic values of the plant community growing in the soil (25) . The observed match between the n-alkane isotopic record and the paleosol carbonate isotopic record in the Pakistan Siwaliks supports the assertion that n-alkanes in these samples were primarily locally derived, without C 3 aeolian input from the foothills. Fig. S1 . Position of the Potwar Plateau on the Indian sub-continent (inset) and geological map of the Potwar Plateau showing the three major divisions of the Siwalik Group in the broad synclinorium between the Salt Range to the south and the uplifted Himalayan foothills to the north. Heavy black lines indicate major faults. The Potwar syncline overlies a structural decollement and is less deformed than areas to the east and west. Rectangles delimit three major areas of intensive geological and paleontological research (References in Flynn et al. 2013 ) (26) . Samples used in this study are from all three areas, with ages based on magnetostratigraphic correlations to the GPTS. (Map modified from Raza, 1983) (27) . 
